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ABSTRACT
Desynchronization between the master clock in the brain, which is entrained by (day) light, and
peripheral organ clocks, which aremainly entrained by food intake,may have negative effects on energy
metabolism. Bile acidmetabolism follows a clear day/night rhythm.We investigatedwhether in rats on a
normal chow diet the daily rhythm of plasma bile acids and hepatic expression of bile acid metabolic
genes is controlled by the light/dark cycle or the feeding/fasting rhythm. In addition, we investigated the
effects of high caloric diets and time-restricted feeding on daily rhythms of plasma bile acids and hepatic
genes involved in bile acid synthesis. In experiment 1 male Wistar rats were fed according to three
different feeding paradigms: food was available ad libitum for 24 h (ad lib) or time-restricted for 10 h
during the dark period (dark fed) or 10 h during the light period (light fed). To allow further metabolic
phenotyping, we manipulated dietary macronutrient intake by providing rats with a chow diet, a free
choice high-fat-high-sugar diet or a free choice high-fat (HF) diet. In experiment 2 rats were fed a normal
chow diet, but food was either available in a 6-meals-a-day (6M) scheme or ad lib. During both
experiments, we measured plasma bile acid levels and hepatic mRNA expression of genes involved in
bile acid metabolism at eight different time points during 24 h. Time-restricted feeding enhanced the
daily rhythm in plasma bile acid concentrations. Plasma bile acid concentrations are highest during
fasting and dropped during the period of food intake with all diets. An HF-containing diet changed bile
acid pool composition, but not the daily rhythmicity of plasma bile acid levels. Daily rhythms of hepatic
Cyp7a1 and Cyp8b1mRNA expression followed the hepatic molecular clock, whereas for Shp expression
food intakewas leading. Combining anHF dietwith feeding in the light/inactive period annulled CYp7a1
and Cyp8b1 gene expression rhythms, whilst keeping that of Shp intact. In conclusion, plasma bile acids
and key genes in bile acid biosynthesis are entrained by food intake as well as the hepatic molecular
clock. Eating during the inactivity period induced changes in the plasma bile acid pool composition
similar to those induced by HF feeding.
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Introduction
Bile acids are lipid emulgators that are released into
the intestines after food intake to aid the uptake of
lipids and lipid-soluble vitamins. Via the portal vein,
bile acids recycle back to the liver and are stored again
in the gallbladder. A small amount of bile acids
escapes hepatic uptake and enters the systemic circu-
lation. Early studies in humans have shown that bile
acid concentrations in the systemic circulation show a
diurnal rhythm and peak after food intake (Angelin
and Bjorkhem 1977; LaRusso et al. 1978; Schalm et al.
1978; Setchell et al. 1982). The postprandial bile acid
peak increases with a higher fat content of food
(Sonne et al. 2016). In mice, plasma bile acid concen-
trations are high during the feeding period, irrespec-
tive whether food intake takes place during the
normal dark phase (Ma et al. 2009; Zhang et al.
2011), the light phase (Ma et al. 2009) or after a fasting
period (Li et al. 2012). The postprandial peak, together
with expression of bile acid receptors in metabolic
organs, suggests that bile acids may function as
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hormones that signal energy availability. Indeed in
recent years it has been proposed they function as
signaling molecules in lipid, glucose and their own
metabolism (Kuipers et al. 2014).
The liver releases primary bile acids that are con-
jugated to glycine (g) or taurine (t).Most bile acids are
reabsorbed in the gut. Microbiota in the colon are
responsible for deconjugation and dehydroxylation,
converting primary bile acids into secondary forms.
Bile acids suppress their own synthesis by activating
the nuclear farnesoid X receptor (FXR) which induces
transcription of short heterodimer partner (Shp) in
the liver and intestinal release of FGF15 (Lefebvre
et al. 2009). Both pathways lead to the inhibition of
Cyp7a1 (7α-hydroxylase), the rate-limiting enzyme of
the classical hepatic bile acid synthesis pathway. The
expression and activity of hepatic bile acid synthesis
enzymes show daily rhythms. In mice, circadian
desynchronization alters plasma bile acid levels and
hepatic expression of Cyp7a1 (Ferrell and Chiang
2015; Ma et al. 2009). Moreover, it has been proposed
that bile acids are potential chronobiological signals
that can affect the molecular clock mechanism
(Govindarajan et al. 2016; Kim et al. 2015). The endo-
genous rhythms produced by the central and periph-
eral clocks are generated by an autoregulatory
transcriptional feedback loop consisting of the hetero-
dimers CLOCK-BMAL1 and Per (period) and Cry
(cryptochrome) (Bass and Takahashi 2010; Ko and
Takahashi 2006). The liver clock is mainly entrained
by food in take and bile acidsmaymediate the positive
effects of time-restricted feeding on body weight dur-
ing high-fat (HF) diet (Chaix and Zarrinpar 2015).
Thus, it is important to understand how the daily
rhythms of bile acid metabolism are regulated and
affected by food intake timing and composition.
Only few studies, all in mice, have investigated
daily rhythms in bile acid metabolism (Ferrell and
Chiang 2015; Ma et al. 2009; Zhang et al. 2011). The
main aim of the present study was to investigate the
effects of the daily timing of food intake and food
composition on daily rhythms in plasma bile acid
levels and hepatic mRNA expression of bile acid
metabolic genes in rats. In experiment 1 we used
time-restricted feeding and different diet composi-
tions to investigate this. In experiment 2 we employed
an equidistant feeding (6-meals-a-day (6M)) schedule
to differentiate between the effects of food intake and
the molecular clock on hepatic gene expression.
Materials and methods
Animals
Male Wistar rats (±200 g) were purchased from
Charles River Laboratories International (Sultzfeld,
Germany). Upon arrival the rats were housed with
3–4 animals per cage under a 12 h/12 h light/dark
cycle (lights on at 07:00 h (= Zeitgeber time (ZT) 0) in
temperature (20–21°C) and humidity (44–60%) con-
trolled rooms. The animal protocols were approved
by the animal experimental committee of the Royal
Netherlands Academy of Arts and Sciences and all
experimental procedures were conform the ethical
standards.
Experiment 1 (time-restricted feeding and HF diets)
Experimental design
Rats were kept under three feeding paradigms
during 5 weeks: food was available ad libitum
(ad lib) for 24 h/day or food availability was
time-restricted to 10 h in the middle of the
dark period (dark fed) or 10 h in the middle of
the light period (light fed) each day. To allow
further metabolic phenotyping, we manipulated
dietary macronutrient intake by providing rats
with a chow-only diet, a free-choice high-fat-
high-sugar (HFHS) diet or a free-choice HF
diet (La Fleur et al. 2010).
Rats fed during the light period were kept
under the regular light/dark schedule and
allowed to acclimatize for 1 week. Rats fed dur-
ing the dark period were held under a reversed
12 h/12 h light/dark schedule with lights on at
19:00 h and allowed to acclimatize for 4 weeks.
Rats fed ad lib were randomly divided over the
reversed and normal light/dark schedule. During
the acclimatization period rats had ad lib access
to water and standard rat chow. Five days before
the start of the experiment rats were randomly
assigned to stay group-housed or housed indivi-
dually until the end of the study. Individually
housed rats were placed in metabolic cages for
3 days during week 4 of the experiment (data
not presented here). In total 226 rats were
included in this experiment. The experiment
was performed in five successive batches of ~50
rats with consistent starting body weight and
acclimatization periods.






























Rats were randomly assigned into seven different diet
groups: chow ad lib, chow dark fed, chow light fed,
HFHS dark fed, HFHS light fed, HF dark fed and
HF light fed. The chow diet groups received a diet -
consistent of standard rat chow (irradiated Global
18% protein rodent diet no. 2918, Harlan, Horst,
the Netherlands). The HFHS diet groups had free
access to chow and to a dish of saturated fat (beef
tallow, “Ossenwit/Blanc de boeuf”, Vandermoortele,
Gent, Belgium) and a bottle of 30% sucrose water
(commercially available sugar in water) (la Fleur
et al. 2007). The HF diet groups had free access to
chow and a dish of saturated fat. All groups had ad lib
access to regular tap water. Energy densities were 3.1
kcal/g for chow, 9.0 kcal/g for fat and 1.2 kcal/g for
sugar. Rats were kept on the diet for five consecutive
weeks in which food and drink intake were measured
manually twice daily at 7:30 h and 18:00 h. Rats were
weighted twice per week. Chow was refreshed once
per week, sugar and fat every three days, and water
twice per week.
Experiment 2 (equidistant feeding)
Experimental design
Rats were fed a normal chow diet, but food was
either available in a 6M schedule or 24 h ad lib
(Kalsbeek and Strubbe 1998; Su et al. 2016a). Three
days before the start of the feeding schedule, rats
were individually housed and randomly assigned to
a normal cage (ad lib group) or a cage with an
automated food dispenser (6M group). The food
dispenser consisted of a metal food hopper attached
to the cage with vertical steel bars through which the
rats could gnaw of their food. An automated sliding
door prevented food access. Rats in the 6M group
had free access to food every 4 h for 12 min during
the light phase and 11 min during the dark phase.
Water was available 24 h ad lib for all rats. Rats were
kept on the feeding schedule for at least 6 weeks.
Tissue collection
In experiment 1, rats were sacrificed at ZT 0, 3, 6,
9, 12, 15, 18 and 21, with ~4 rats per time point for
each group. In experiment 2, rats were sacrificed at
ZT 2, 5, 8, 11, 14, 17, 20, 23 with n = ~5 per time
point per group. The exact number of animals per
time point is given in Supplemental Table S1. For
both experiments, rats were kept on their diet until
sacrifice. Rats were sedated with a high concentra-
tion of carbon dioxide before decapitation.
Various organs and tissues were collected includ-
ing the liver and snap frozen in liquid nitrogen.
Trunk blood was collected in heparinized tubes,
centrifuged for 15 min at 4000 g at 4°C and plasma
was stored at −20°C until further analysis.
Bile acid analysis
Plasma bile acid concentrations were determined
using liquid chromatography-tandem mass spectro-
metry (LC/MS/MS) (Supplemental Methods). For
every 10 samples prepared, one quality control stan-
dard plasma was included. In total, 250 µL internal
standard was added to 25 µL plasma, mixed and
spun down. The supernatant was poured into a
clean glass tube and evaporated under nitrogen at
40°C. Before measuring, samples were reconstituted
in 100 µL 50% methanol in water, mixed and spun
down. The supernatant was filtered using a 0,2 µm
spin-filter and transferred into LC/MS vials for ana-
lyses (10 µL injection volume). The assay included
22 different types of bile acids, but not all types were
present in rat plasma. Therefore, the plasma total
bile acid pool consisted of cholic acid (CA), cheno-
deoxycholic acid (CDCA), α and β-muricholic acid
(β-MCA), deoxycholic acid (DCA), hyodeoxycholic
acid (HDCA) and their taurine (t) or glycine (g)
conjugated forms. If one of these bile acids did not
reach the lower limit of quantification of 0.05 μM,
its value was set at 50% of the detection limit.
RNA isolation, cDNA synthesis and qPCR analysis
RNA was isolated and purified using TRI Reagent
(Ambion, Waltham, MA, USA) and a total RNA
isolation kit (Macherey Nagel, Oensingen,
Switzerland) according to the manufacturers’ proto-
cols. The RNA yield was determined with a spectro-
photometer (Nanodrop 2000C, Thermo Scientific,
Wilmington, DE, USA) and 200 ng RNA was used
as input for cDNA synthesis. cDNA was synthesized
using the Transcriptor First Strand cDNA synthesis
Kit, with oligo d(T) primers (Roche Molecular
Biochemicals, Almere, The Netherlands). cDNA reac-






























check for genomic DNA contamination. Quantitative
real-time PCR was done using the SensiFAST SYBR
No-ROX kit (Bioline, London, UK) and the
Lightcycler 480 (Roche Almere, The Netherlands).
Primer sequences are listed in Table 1.
Quantification was done with LinReg software. The
expression value of a gene of interest was normalized
to the geometric mean of three reference genes (TBP,
cyclophilin and S18) according to the Minimum
Information for Publication of Quantitative Real-
Time PCR Experiments guidelines (Bustin et al.
2009). The expression of the reference genes did not
significantly differ between groups.
Statistical analysis
JTK cycle software (Hughes et al. 2010) was used
to analyze if plasma bile acid concentrations or
hepatic mRNA expression showed daily rhythmi-
city by fitting the data on a 24 h sinusoidal curve.
For rhythmic outcomes we report the acrophase
(ZT of the peak of the circadian curve) and
p value. Other statistics were performed in
GraphPad Prism 7 (GraphPad Software, La Jolla,
CA, USA). The effects of time-restricted feeding
and timing of food intake were tested using two-
way ANOVA comparing the ad lib, dark-fed and
light-fed group on a chow diet and their food state
(fed or fasted). For this, the data over 24 h were
split in an average for the light phase (ZT 3, 6, 9
and 12) and an average for the dark phase (ZT 15,
18, 21, 0). The effects of diet composition were
tested using a two-way ANOVA comparing the
dark fed and light group of the chow diet, HFHS
diet and HF diet taking all time points over 24 h
together (N per group in Supplemental Table S1).
Plasma total bile acid concentration over 24 h was
compared between the diet groups using a one-
way ANOVA. Results were considered statistically
significant when p < 0.05. Data in figures are
presented as mean ± standard error of the mean
(SEM). Line graphs show data in a double plot to
better illustrate the rhythm.
Results
Effects of time-restricted feeding
Time-restricted feeding induces day/night rhythm
in plasma bile acid levels
Plasma bile acid concentrations did not show a
significant 24 h rhythm in the ad lib chow-fed
condition. However, chow time-restricted feeding,
either during the dark period or the light period,
induced a significant day/night rhythm in plasma
bile acid concentrations. The rhythm was shifted
~12 h between the two different periods of food
intake (Figure 1 and Table 2). Surprisingly, plasma
Table 1. Primer sequences for PCR on liver tissue.
Protein Gene Forward primer (5ʹ–3ʹ) Reverse primer (5ʹ–3ʹ)
FXR Nr1h4 CAAGTGACCTCCACGACCAA AAGGAACATGGCCTCGACTG
SHP Nr0b2 TACGCATACCTGAAAGGCAC GGACTTCACACAATGCCCAGT
7α-Hydroxylase Cyp7a1 TTTGGGGAATTGCCGTGTTG CGGAATCAACCCGTTCTCCA
12α-Hydroxylase Cyp8b1 CCCTGTAAGATGCCATCCCC GTAAGGCAGGTAGGATGGGC
CYP7B1 Cyp7b1 GCGTGACGAAATTGACAGCTT ATCCTCTTGCACTTCACGGA
CYP27A1 Cyp27a1 GCCAGAGAGCTCCGAACTT CAGCTGCAAGACCCCTACTA
BSEP Abcb11 TGGGGCTCGTCAGATAAGGA ACATGCGCTGGAGGAAATGA
TBP Tbp TTCGTGCCAGAAATGCTGAA TGCACACCATTTTCCCAGAAC
Cyclophilin Ppia ATGTGGTCTTTGGGAAGGTG GAAGGAATGGTTTGATGGGT
S18 Rps18 CTCTTCCACAGGAGGCCTACACG TGGCCAGAACCTGGCTATACTTCC
HPRT Hprt GCAGTACAGCCCCAAAATGG AACAAAGTCTGGCCTGTATCCAA
PER1 Per1 CGCACTTCGGGAGCTCAAACTTC GTCCATGGCACAGGGCTCACC
PER2 Per2 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT
BMAL1 Arntl CCGATGACGAACTGAAACACCT TGCAGTGTCCGAGGAAGATAGC
CRY1 Cry1 AAGTCATCGTGCGCATTTCA TCATCATGGTCGTCGGACAGA
DBP Dbp CCTTTGAACCTGATCCGGCT TGCCTTCTTCATGATTGGCTG
REV-ERBα Nr1d1 ACAGCTGACACCACCCAGATC CATGGGCATAGGTGAAGATTTCT
FXR: farnesoid X receptor; Nr1h4: nuclear receptor subfamily 1, group H, member 4; SHP: short heterodimer partner; Nr0b2: nuclear receptor
subfamily 0, group B, member 2; CYP: cytochrome P450 family member; BSEP: bile salt export pump; Abcb11: ATP binding cassette subfamily B
member 11; TBP: TATA box binding protein; Ppib: peptidylprolyl isomerase A; S18/Rps18: ribosomal protein S18; HPRT: hypoxantine-guanine
phosphoribosyl transferase; PER: period; BMAL: brain and muscle aryl hydrocarbon receptor nuclear translocator-like (Arntl); CRY: cryptochrome;
DBP: albumin D-box binding protein; REV-ERBα: reverse viral erythroblastosis oncogene product α; Nr1d1: nuclear receptor subfamily 1, group D,
member 1.





























bile acid concentrations peaked midway during the
fasting period and dropped almost to basal levels
again at the start of feeding (Supplemental
Figure S1). Similarly, in the ad lib group plasma
bile acid levels dropped at ZT15, the first measure-
ment after the onset of the natural (i.e. dark)
feeding period.
Time-restricted feeding during the light period
changes the plasma bile acid pool composition
The rat plasma bile acid pool mainly consisted of
cholate that is formed by the classical pathway.
Restricted feeding enforced a significant rhythm
in total bile acids, primary bile acids and unconju-
gated bile acids (Figure 1). Additionally, in the
light-fed condition a significant rhythm appeared
in secondary bile acids and glycine-conjugated bile
acids, whereas this was particularly absent in taur-
ine-conjugated bile acids. Therefore, restricted
feeding during the light period changed the com-
position of the plasma bile acid pool to a relative
abundance of glycine-conjugated and secondary
bile acids (Figure 1 and Supplemental Figure S1).
The individual bile acid curves presented in the
supplemental data confirm these changes
(Supplemental Figure S2 and S3).
Hepatic bile acid synthesis pathway shifts with
timing of food intake
Parallel to introducing a rhythm in plasma bile
acids, time-restricted feeding induced a significant
rhythm in hepatic Fxr expression in the dark-fed
rats and hepatic Shp expression in both the dark-
fed and light-fed condition. Shp expression peaked
at the end of the feeding period. Hepatic mRNA
expression of the most important CYPs in bile acid
synthesis showed a significant day/night rhythm in
rats under chow ad lib-fed conditions (Figure 2
and Table 2). Cyp7a1 and Cyp7b1 peaked in the
dark period, while Cyp8b1 peaked during the light.
Gene expression rhythms in the dark-fed group
roughly followed the same pattern as in the ad
lib group, so time-restricted feeding to the dark
period did not significantly shift the acrophase or
affect the amplitude of the gene expression
rhythms. However, time-restricted feeding during
the light period phase-advanced the peak of
Cyp7a1 and Cyp7b1 into the light period and the
peak of Cyp8b1 shifted exactly 12 h to the dark
phase (Figure 2). The expression rhythms of
Cyp27a1 (enzyme that initiates bile acid biosynth-
esis via the alternative or acidic route) and Bsep
(bile salt export pump; transports the bile acids
from the hepatocyte into the biliary tracts) were
only significant in the light-fed condition. In short,
hepatic Shp and Cyp gene expression rhythms
shifted with the moment of food intake.
Effects of HF diets
Food composition does not affect plasma bile acid
rhythms
Similar to the chow diet, plasma bile acid concen-
trations showed a significant daily rhythm in the
HFHS and HF time-restricted groups (Figure 3 and
Table 2). HF-containing diets fed in the light period
increased the amplitude of the plasma bile acid
concentration rhythm compared to the dark-fed
conditions. However, no significant differences in
total plasma bile acid concentrations were found
between chow, HFHS and HF diet groups in either
the dark-fed or the light-fed condition, despite the
absence of a significant daily rhythm in the HFHS
dark-fed group. Thus, diet composition did not
influence the diurnal rhythm of plasma bile acids.
Fat in the diet changes the composition of the
plasma bile acid pool
Rats on a fat-containing diet (i.e. both the HFHS
and HF) showed significantly lower amounts of
taurine-conjugated bile acids and higher amounts
of glycine-conjugated bile acids in their plasma
bile acid pool as compared to chow-fed rats
(Figure 3 and Supplemental Figure S4). In addi-
tion, a HF diet increased the amount of secondary
bile acids in relation to primary bile acids, this
change being most pronounced in the light-fed
group (Figure 3 and Supplemental Figure S5). In
the chow-fed rats the amount of secondary bile
acids was already higher in the light-fed condition,
adding the fat component to the diet further
reduced the secondary/primary bile acid ratio
also in the dark-fed condition. Thus, the composi-
tion of the bile acid pool was changed by both






























However, total bile acid concentrations over 24 h
did not differ between the different diet and tim-
ing groups (one-way ANOVA, n.s.). In short,
feeding during the light phase changes the bile































































































































4 p < 0.001
Figure 1. Plasma bilogram in rats: effect of timing of food intake on daily plasma bile acid concentrations. Food was available 24 h
ad lib (left column), 10 h during the dark period (dark fed, middle column) or 10 h during the light period (light fed, right column).
Grey background indicates the dark period and time is shown as ZT. p values are given for statistical significant rhythms as tested by
JTK software. BA: bile acids; t: taurine; g: glycine. Note the differences in Y-axis scaling.





























Light-restricted HF and HFHS feeding abolish
hepatic Cyp7a1 mRNA expression rhythm, but
phase-shift daily rhythms of Cyp8b1 and Shp
expression
Cyp7b1, Cyp8b1 and Shp expression shifted with
the timing of food intake (Figure 4) in all diet
compositions, although differentially between the
different diets. In the dark-fed condition the acro-
phase of Cyp7a1 phase advanced from ZT18 in the
chow diet to ZT15 and ZT12 h in the HFHS and
HF diet, respectively. In addition, the expression of
Cyp27a1 and Cyp7b1 was significantly rhythmic in
all HF-containing diets in contrast to chow
(Figure 4 and Table 2). In the light-fed condition
the Cyp7a1 rhythm disappeared in the HFHS and
HF groups, in contrast to the chow condition. In
addition, the Cyp8b1 rhythm was not significant in
the HF group and Cyp7b1 and Cyp27a1 rhythms
were not significant in the HFHS group. So, while
HFHS or HF time-restricted feeding during the
dark phase strengthened gene expression rhythms,
in the light-fed groups most Cyp rhythms
were abolished. Sugar in the diet (i.e. HFHS
versus HF) tended to enhance the amplitude of
the rhythm in FXR mRNA expression, whereas
it decreased the amplitude and expression level of
the daily rhythm in Cyp7b1 mRNA expression
(Figure 4).
Effects of equidistant feeding
Hepatic clock gene expression rhythms shifted
with food intake in experiment 1 analogous to
bile acid synthesis genes (Figure 5 and
Supplemental Table S1). In the chow-fed rats,
light-restricted feeding resulted in a 10–12 h
phase-advance in clock gene expression compared
to ad lib and dark-fed rats. In order to differentiate
between the effects of feeding and clock gene
rhythms, we eliminated the daily feeding-fasting
rhythm by feeding rats an equidistant 6M chow
Table 2. Acrophase (ZT) and circadian rhythm in bile acid plasma concentration and hepatic expression of
the bile acid biosynthetic pathway in experiment 1.
Dark fed Light fed Ad lib
Chow diet Acrophase p Acrophase p Acrophase p
Plasma total BA 7.5 0.001 21 0.000 –
Fxr 0 0.021 – –
Shp 13.5 0.032 0 0.017 –
Cyp7a1 18 0.000 9 0.020 16.5 0.000
Cyp8b1 9 0.000 19.5 0.000 7.5 0.001
Cyp7b1 – 9 0.002 18 0.006
Cyp27a1 – 22.5 0.001 –
Bsep 6 0.000 – –-
HFHS diet
Plasma total BA – 19.5 0.000
Fxr 1.5 0.045 –
Shp 15 0.001 22.5 0.000
Cyp7a1 15 0.000 –
Cyp8b1 7.5 0.001 18 0.000
Cyp7b1 18 0.001 –
Cyp27a1 – –
Bsep 3 0.035 –
HF diet
Plasma total BA 7.5 0.022 18 0.000
Fxr – 6 0.001
Shp 12 0.032 21 0.000
Cyp7a1 12 0.021 –
Cyp8b1 7.5 0.000 –
Cyp7b1 18 0.049 7.5 0.002
Cyp27a1 9 0.000 21 0.020
Bsep 4.5 0.012 –
BA: bile acids; Fxr: farnesoid X receptor; Shp: short heterodimer partner; Cyp: cytochrome P450 family member; Bsep:






























diet (experiment 2). Hepatic clock gene expression
did not shift in this feeding schedule compared to
the 24 h ad lib control group (Figure 6 and
Supplemental Table S1), although the 6M schedule
did decrease the amplitude of Dbp (albumin D-box
binding protein) expression rhythm. In the ad lib
group, hepatic expression of Shp, Cyp7a1, Cyp8b1,
Cyp7b1 and Bsep showed significant daily
rhythms. Rats on 6M showed a significant rhythm
in Cyp7a1 and Cyp8b1 expression with a similar
acrophase to the ad lib group (Figure 7 and
Table 3) while daily rhythms in Cyp7b1, Shp and
Bsep mRNA expression were abolished in 6M
compared to ad lib. This suggests that the rhyth-
mic expression of Cyp7a1 and Cyp8b1 is primarily
driven by molecular day/night rhythm, while
Cyp7b1, Shp and Bsep mRNA expression is driven
by the day/night rhythm in food intake.
Discussion
In the current study we show that plasma bile
acid levels and hepatic bile acid metabolic gene
expression are affected by both diet composition
and timing of food intake. Rats on a time-
restricted feeding schedule, but not ad lib-fed
rats, showed a significant day/night rhythm in
plasma bile acid concentrations that followed
food availability irrespective of diet composition.
Interestingly, the composition of the plasma bile
acid pool changed with both feeding during the
light period and a HF-containing diet.
Regulation of bile acid synthesis is a complex
process, in which the transcription factor Shp
plays a prominent role. Hepatic gene expression
of Shp followed the rhythm of food intake, irre-
spective of diet composition. On the other hand,
the daily rhythm of hepatic Cyp7a1 and Cyp8b1
mRNA expression followed the rhythm of the
molecular clock and not food intake. However,
Cyp7a1 and Cyp8b1 mRNA expression was
influenced by diet composition as a HF-contain-
ing diet fed during the light phase diminished
their daily rhythms. The fact that time-restricted
feeding conditions, but not ad lib feeding con-
dition, induce a significant rhythm in plasma
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Figure 2. Effect of timing of food intake on hepatic mRNA expression of biosynthetic bile acid genes. Rats were fed a chow diet
time-restricted during the dark period (dark fed, filled circles) or light period (light fed, open circles) or 24 h ad lib (grey line). Grey
background indicates the dark period and the X-axis the ZT. Rats were killed and liver tissue was collected for qPCR every three hours
during 24 h. Gene expression is given relative to the geometric mean of three reference genes. Asterisks indicate if the expression
pattern showed a significant daily rhythm, * p < 0.05, **p < 0.01, ***p < 0.001. Cyp: cytochrome P450 family member; Shp: short
heterodimer partner; Fxr: farnesoid X receptor; Bsep: bile salt export pump.





























bile acids indicates that periods of fasting are
important to provoke significant changes in
postprandial plasma bile acid concentrations
in rats.
In the HF-containing diet groups, the amount of
taurine-conjugated bile acids decreased and that of
glycine-conjugated bile acids increased. These find-
ings are in accordance with the findings of Suzuki and
colleagues that a HF diet results in increased glycine-
conjugated plasma bile acids in rats (Suzuki et al.
2013). The conjugation of bile acids to taurine or
glycine is catalyzed by bile acid coenzyme A:amino
acid N-acyltransferase (BAAT) located in the peroxi-
somes (Pellicoro et al. 2007). BAAT has a greater
affinity for taurine than glycine so the ratio between
the conjugates is determined by taurine availability
and conjugation requirements (Lefebvre et al. 2009).
How a HF diet leads to changes in the conjugation
profile and intracellular availability of glycine and
taurine to BAAT is not exactly clear. Deconjugation
by gut microbiota may play an important role since
germ-free mice have higher taurine conjugated bile
acids (Swann et al. 2011). Besides the changes in
conjugation, a HF diet also changed the bile acid
conversions in the bile acid pool: the HF condition
had a lower primary/secondary bile acid ratio.
Probably gut microbiota also play a role in this transi-
tion of plasma bile acid pool composition. Gut micro-
biota deconjugate bile acids and convert primary bile
acids into secondary forms. Microbiota have a strong
day/night rhythm that affects circadian oscillations of
plasma metabolites and the liver transcriptome and
detoxification pattern (Thaiss et al. 2016). As such,
microbiota might also indirectly affect bile acid com-
position besides intraluminal deconjugation and de
hydroxylation. Similar to the HF-containing diets, in




























































































Figure 3. Effects of food composition and food timing on daily plasma bile acid concentrations and pool composition. (A) Plasma
bile acid levels show a significant daily rhythm during time-restricted HFHS (filled squares) or HF (open squares) diet during the light
(L) or dark (D) phase, similar to time-restricted rats on a chow diet (Figure 1). Asterisks indicate the p values for statistical significant
rhythms as tested by JTK software. (B) A high-fat diet increased the amount of glycine-conjugated bile acids and decreased the
amount of taurine-conjugated bile acids compared to rats fed a chow diet (for statistics see Supplemental Figure S4), whereas the
total amount of plasma bile acid concentrations did not change. (C) The relative amount of secondary bile acids is increased with a
high-fat diet, especially in the light-fed animals (for statistics see Supplemental Figure S5), whereas the absolute amount of primary






























the present study, feeding during the light period also
increased the amount of glycine-conjugated bile acids
and secondary bile acids in plasma. Thus, our results
show that eating at the inactive period causes changes
in the bile acid pool composition that resemble HF
diet-induced changes.
In parallel to the plasma bile acid levels, daily
rhythms in hepatic gene expression of Cyp7a1,
Cyp8b1, Cyp7b1 and Shp also shifted with the
moment of food intake, similarly to mice (Ma
et al. 2009). A HFHS or HF diet did not remove
the rhythmicity of these genes when restricted to
the dark period, although the acrophase of Cyp7a1














































































Figure 4. Effects of food composition on hepatic mRNA expres-
sion of biosynthetic bile acid genes. Gene expression is given
relative to the geometric mean of three reference genes. Grey
background indicates the dark period. Time is indicated on the
X-axis as ZT. Cyp: cytochrome P450 family member; Shp: short
heterodimer partner; Fxr: farnesoid X receptor; Bsep: bile salt
export pump.























































Figure 5. Effect of timing of food intake on daily hepatic mRNA
expression of clock genes. Chow was available either 24 h ad lib
(ad lib, grey line) or 10 h time-restricted during the dark phase
(dark fed, filled circles) or light phase (light fed, open circles).
Gene expression is given relative to the geometric mean of
three reference genes. Grey background indicates the dark
period and time is given as ZT. Asterisks indicate if expression
rhythms show a significant daily rhythm as tested by JTK soft-
ware (Supplemental Table S1), **p < 0.01, ***p < 0.001. Cry:
cryptochrome; Dbp: albumin D-box binding protein; Rev-erbα:
reverse viral erythroblastosis oncogene product α.





























diet conditions. Ferrell et al. reported similar results
in mice: the Cyp7a1 acrophase shifted from ZT15 in
chow-fed mice to ZT9 in mice fed a Western diet
(HF, high cholesterol) (Ferrell and Chiang 2015).
Chaix and colleagues did not find a shift in acro-
phase of Cyp7a1 expression in mice fed a HF diet;
however, the rhythm was diminished in mice fed a
HFHS diet (in both the ad lib and the dark-fed
group) (Chaix and Zarrinpar 2015). In our study,
the light-fed condition diminished Cyp7a1 rhyth-
micity both in the HFHS and HF diet condition and
Cyp8b1 in the HF diet condition. Cyp7b1 expres-
sion showed a substantial difference between the
HFHS and HF group with continuous higher
expression in the HF group. The differences
between the HFHS and HF group might indicate a
role for sucrose, but more likely the difference is
explained by the higher absolute amount of fat
intake in the HF groups. In conclusion, the combi-
nation of eating during the inactive period and a HF
diet abrogated the natural rhythm of the most
important genes for bile acid synthesis in the liver.
Experiment 1 on timing of food intake and
diet composition clearly showed that the daily
expression rhythms of hepatic genes involved
in bile acid synthesis shifted with the timing of
food intake. With food timing the daily
rhythms of hepatic clock gene expression
also shifted (Figure 5) as reported earlier
(Opperhuizen et al. 2016). In order to investi-
gate whether the daily rhythms in hepatic bile
acid gene expression are controlled directly by
the molecular clock or by the feeding/fasting
cycle, we eliminated the feeding/fasting cycle,
while keeping hepatic clock gene rhythms
intact, by submitting rats to an equidistant
6M chow feeding schedule (Su et al. 2016a).
In the 6M feeding condition Cyp7a1 and
Cyp8b1 mRNA expression maintained their
daily rhythm with a similar acrophase as in
the ad lib group, indicating that their expres-
sion is mostly driven by the molecular clock. A
comparable 4-times-a-day feeding experiment
with a high cholesterol diet in rats reported
results in line with ours, showing that hepatic
Cyp7a1 expression remained rhythmic with
regular feeding, although the timing of the
peak shifted (Yamajuku et al. 2009). Indeed,
the core clock machinery can directly influence
transcription of these genes, for example,
RORα can influence the diurnal rhythm of
Cyp8b1 expression (Pathak et al. 2013) and
DBP and REV-ERB stimulate the transcription
of Cyp7a1 (Duez et al. 2008; Lavery and
Schibler 1993). In addition, CLOCK can
directly stimulate Shp expression (Bavner
et al. 2005; Kerr et al. 2002), by binding its
E box (Oiwa et al. 2007; Pan et al. 2010). On
the other hand, the daily rhythms of these
genes might also be controlled by systemic
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Figure 6. Effect of a 6 meals-a-day feeding schedule on daily
hepatic mRNA expression of clock genes. Rats were fed a chow
diet with food available every 4 h for 11–12 min (6M, open
triangles) or 24 h ad lib (grey line) for 6 weeks. Gene expression
is given relative to the geometric mean of three reference
genes. Grey background indicates the dark period and time is
given as ZT. Asterisks indicate if expression rhythm was signifi-
cantly circadian as tested by JTK software (Supplemental
Table S1), *p < 0.05, *** p < 0.001. Cry: cryptochrome; Dbp:
albumin D-box binding protein; Rev-erbα: reverse viral erythro-






























factors that do not lose their daily rhythmicity
in the 6M condition, such as corticosterone or
melatonin (Su et al. 2016b). Interestingly, Shp
lost its rhythm in the 6M condition suggesting
that Shp mRNA expression is more strongly
driven by food intake than by the hepatic
molecular clock. This fits with the suggestion
that SHP could signal nutrient availability back
to the clock, thereby linking metabolism
upstream to the clock (Wu et al. 2016). In
further support of this concept, Shp expression
did not only follow the daily rhythm in food
intake when rats were on a chow diet, but also
in both HF diet groups. Even in the light-fed
conditions Shp expression remained rhythmic
while most of the investigated genes lost their
rhythm.
Bile acids regulate their own synthesis by the com-
plex activation of intestinal and liver FXR ultimately
repressing the expression of Cyp7a1 and Cyp8b1 (Del
Castillo-Olivares and Gil 2001; Goodwin et al. 2000;
Lu et al. 2000). More specifically, liver and intestinal
FXR KO models have shown that Cyp7a1 repression
depends mainly on intestinal FXR activation via
FGF15. Intestinal FXR/FGF15 and hepatic FXR
repress Cyp8b1 expression to the same extent (Kim
et al. 2007; Kliewer andMangelsdorf 2015; Kong et al.
2012). To complicate matters even more, FGF15 is
negatively regulated by the transcription factor
Kruppel-like factor 15 (KLF15) that also has a



































































































Figure 7. Effect of a 6 meals-a-day feeding schedule on daily hepatic mRNA expression of biosynthetic bile acid genes. Rats were fed
a chow diet with food available every 4 h for 11–12 min (6M, open triangles) or 24 h ad lib (grey line). Gene expression is given
relative to the geometric mean of three reference genes. Asterisks indicate if an expression rhythm showed a significant daily rhythm
as tested by JTK software, *p < 0.05, **p < 0.01, ***p < 0.001. Grey background indicates the dark period and time is given as ZT.
Cyp: cytochrome P450 family member; Shp: short heterodimer partner; Fxr: farnesoid X receptor; Bsep: bile salt export pump.
Table 3. Acrophase (ZT) and circadian rhythm in the hepatic
expression of the bile acid biosynthetic pathway in experiment 2.
Ad lib 6M
Chow diet Acrophase p Acrophase p
Fxr – –
Shp 6 0.041 –
Cyp7a1 15 0.000 12 0.003
Cyp8b1 6 0.000 4.5 0.001
Cyp7b1 0 0.000 –
Cyp27a1 – –
Bsep 4.5 0.006 –
Fxr: farnesoid X receptor; 6M: 6 meals-a-day feeding schedule; Shp: short
heterodimer partner; Cyp: cytochrome P450 family member; Bsep: bile
salt export pump.





























circadian rhythm (Han et al. 2015; Jeyaraj et al. 2012).
In our study, we cannot exclude a potential role for
FXR-FGF15 in the changes of bile acid biosynthesis
enzymes that shifted with timing of food intake
(Kliewer and Mangelsdorf 2015; Kong et al. 2012).
Remarkably and in contrast to humans and
mice, rat plasma bile acid concentrations were
lowest during the feeding period. In fact, feeding
activity seemed to have an inhibitory effect as all
bile acid concentrations showed a clear decrease
3 h after the onset of feeding activity, although in
the restricted feeding groups the decrease already
started before the onset of feeding activity. This
might be the result of the absence of a gallbladder
in rats, contrary to mice and men, although cho-
lecystectomized patients still show a postprandial
peak after food intake (Angelin et al. 1982; Schalm
et al. 1978; Sonne et al. 2013). It is assumed that in
animals without a gallbladder bile acids still cycle
in the enterohepatic circulation and are stored in
the small intestine (Hofmann and Hagey 2008).
Our results question this assumption. Hepatic
bile acid release measured by a chronic bile fistula
in ad lib-fed rats showed a daily rhythm for var-
ious types of bile acids with a peak in the dark
phase (Duane et al. 1979; Gilberstadt et al. 1991).
Bile acid synthesis in humans also showed a daily
rhythm with highest levels during the active (light)
period (Duane et al. 1983; Galman et al. 2005). If
bile output is highest during the active/feeding
phase and bile acids are stored in the intestines,
transit time is a major determinant of postprandial
plasma bile acid levels and deserves more attention
in the field of bile acid research. In addition, in
future studies the difference in bile acid metabo-
lism should be taken into account when choosing
a cell or animal model.
In conclusion, daily rhythms in bile acid home-
ostasis are regulated by both the molecular clock
and the daily rhythm in food intake. While food
intake directs daily rhythms in plasma bile acids
and hepatic gene expression of Shp, the hepatic
clock directs daily rhythms in gene expression of
the two bile acid pool-defining enzymes Cyp7a1
and Cyp8b1. This raises questions about which
pathway is leading in bile acid biosynthesis and
subsequent bile acid signaling in the enterohepatic
and systemic circulation, but it clearly indicates
that eating during the inactive period will affect
bile acid metabolism. Besides rhythmicity of bile
acids, the daily timing of food intake also affected
the composition of the bile acid pool, with eating
during the inactive period resulting in similar
changes in plasma bile acid pool composition as
a HF-containing diet. A HF-containing diet com-
bined with feeding during the light period even
completely abrogates hepatic Cyp7a1 and Cyp8b1
rhythms in rats, suggesting that the combination
of a HF diet and eating during the inactive period
has the most disruptive effect on bile acid
homeostasis.
The majority of the rat bile acid pool consists of
unconjugated bile acids and specifically unconju-
gated bile acids can affect hepatic clock gene
expression (Govindarajan et al. 2016). Thus (feed-
ing-induced) changes in bile acid pool composi-
tion may also affect the molecular clock.
Therefore, although it has been argued that bile
acids may mediate the positive effects of time-
restricted feeding on body weight during HF diet
(Chaix and Zarrinpar 2015), the reverse may also
be true, i.e. bile acids may mediate the adverse
effects of eating at the wrong time (inactive per-
iod) of day.
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